INTRODUCTION
In both children and adults, glioblastoma is an aggressive primary tumor of the brain that has an almost uniformly fatal outcome. Glioblastoma has been defined as a rare cancer because its incidence is < 6 in 100 000. However, its organ site and dismal prognosis result in a mortality and morbidity burden that is disproportionate to its incidence. In adults, standard multi-modality treatment using maximal safe resection, radiotherapy and chemotherapy extends patient survival beyond a year, but recurrence is virtually inevitable, with short survival times and no effective therapies.
Immune checkpoint inhibitor therapy, which has transformed the care and outlook for so many cancer patients, has proven to be a disappointment for most glioblastoma patients. Glioblastoma tumor cells are hosted by a stroma replete with immunosuppressive myeloid and lymphoid cells but depleted in immunocompetent antigen-presenting cells and lymphocytes. 1 Glioblastoma tumor cells also usually lack the rich repertoire of nonsynonymous somatic gene mutations that generate the tumor neo-epitopes capable of eliciting productive if transient antitumor immunity. 2 This dire clinical situation supports the rationale for an adoptive immunotherapeutic approach to glioblastoma therapy using CAR-T cells. In this approach, autologous T cells are collected from a patient's blood, expanded in vitro and genetically engineered to express a CAR molecule on the cell membrane using a viral expression vector or electroporation. 3 The CAR consists of an extracellular tumor antigen-binding domain [usually derived from a single-chain variable fragment (scFv) of a monoclonal antibody] fused via a transmembrane linker to intracellular T-cell signalling domains, which activate the cell upon CAR engagement. The signalling domains always include CD3f, and if no other signalling domains are present, then this is considered a firstgeneration CAR. The addition of one co-stimulatory signalling domain, commonly CD28 or 4-1BB, creates a second-generation CAR, and multiple costimulatory domains create a third-generation CAR.
Upon infusion of the engineered cells back into the patient, CAR-T cells home to the tumor and mediate targeted destruction of cancer cells. Of note, this approach confers several cell-autonomous functions on the T cells, enabling them to function effectively in a tumor microenvironment, which lacks many key elements required for conventional T-cell recognition and destruction of tumors. Hence, the expression of CARs can bypass such requirements for conventional T-cell activation as tumor cell expression of MHC molecules, functional antigen processing machinery and co-stimulatory molecules.
Recently, rapid developments in the CAR-T cell field have culminated in several published reports of clinical CAR-T cell therapy for patients with poor-prognosis recurrent glioblastoma, with mixed but informative results. We review these early-phase clinical studies and discuss their findings and the implications for the future development of clinical CAR-T cell therapy for this dreadful, challenging disease.
GLIOBLASTOMA: THE DETAILS Incidence, pathology and classification
Glioblastoma is the commonest, most aggressive brain cancer. It accounted for almost two-thirds of all Australian brain cancers in 2013 with 982 (of 1592) new cases with an estimated agestandardised incidence rate of 4 per 100 000. 4 In the world each year, there are 100 000 new cases of glioblastoma. 5 Despite its rarity, it is a leading cause of cancer burden with 96% of the burden resulting from premature death. Strikingly, the 5-year relative survival (just 4.6% at 5 years) for glioblastoma patients has remained stable over the last three decades. 4 Gliomas, including the most advanced form, glioblastoma, were believed to arise from the glial cells supporting neurons in the central nervous system (CNS). However, recent evidence indicates that glioblastoma arises instead from neural stem cells within the subventricular zone of the brain. 6 The histological grading of gliomas is categorised according to World Health Organization (WHO) guidelines. The highest grade (grade IV) of glioma is glioblastoma, and the diagnosis depends on observations of high cellularity, atypical glial cells, and microvascular proliferation (MVP), or significant necrosis or both. 7 MVP reflects extensive neo-angiogenesis with highly abnormal, leaky and hyperdilated vessels, which are found around and oriented towards necrosis. Necrosis reflects chronic tissue hypoxia and is another strong predictor of aggressiveness. Indeed, glioblastoma was historically known as glioblastoma multiforme in recognition of its particularly high inter-and intra-tumoral histological heterogeneity. 8 Although the molecular classification of glioblastoma informs prognosis, it has not yet provided definitive evidence to influence the use of immunotherapy. Finally, surprisingly for an aggressive cancer, glioblastoma does not metastasise outside of the CNS. 7 
Standard treatment and prognosis
There is a clear unmet clinical need for effective therapies at all stages of glioblastoma natural history. Current standard treatment for newly diagnosed glioblastoma patients with good performance status and aged ≤ 70 years employs the Stupp protocol -surgery with 'maximal safe resection' followed by concurrent chemoradiotherapy with temozolomide (TMZ) and then maintenance TMZ chemotherapy for the next 6 months. 9 This treatment regimen results in a median survival time of 14.6 months. 9 Older patients can still obtain a survival benefit with similar treatment. 10 In two studies, additional survival benefit was gained by patients whose tumors had methylation or silencing of the promoter for the O 6 -methylguanine-DNA methyltransferase (MGMT) gene, which encodes a DNA damage repair enzyme. 10, 11 For patients with multifocal disease, median overall survival (OS) is significantly shorter at 6 months. 12 That glioblastoma almost invariably recurs illustrates its treatment-resistant nature, and its infiltrative growth pattern leads to most recurrences occurring near the surgical margin within 6-9 months of initial treatment. There is no standard management for recurrent glioblastoma. Attempts to improve outcomes by adding bevacizumab and other agents have not extended survival significantly, so 6-month progression-free survival (6PFS) for recurrent disease remains at 15%, and OS is generally < 6 months. 13 
Immune Checkpoint Inhibitor (ICI) therapy
Combination ICI therapy (using ipilimumab and nivolumab) has had a revolutionary impact in melanoma and kidney cancer patients, with tumor response rates of at least 40%, which translate to substantially enhanced survival prospects.
14, 15 The same combination therapy provides comparable beneficial effects in patients with melanoma brain metastases, 16 ,17 yet ICI therapy has had little beneficial clinical impact in glioblastoma patients.
For example, no survival difference was observed in the Checkmate-143 randomised trial of nivolumab versus bevacizumab in recurrent glioblastoma patients. 18 In other trial arms exploring combinations of nivolumab with ipilimumab, the response rate was a disappointing 7%. 19 In three recently reported studies of neoadjuvant anti-PD1 therapy in recurrent glioblastoma patients, although clinical responses were lacking, evidence on surgical resection specimens of persistent T-cell inflammation and pro-inflammatory cytokine profiles tended to favor an improved prognosis and may suggest a rationale for ICI use in conjunction with CAR-T cell therapy. [20] [21] [22] Although acute ICI sensitivity of tumors with a high mutation burden, because of mismatch repair deficiency has been described, 23, 24 recent data suggest that only 3.5% of primary or recurrent glioblastoma patients had a high somatic tumor mutation burden and so may benefit from ICI therapy. 2 Notwithstanding promising case reports, [25] [26] [27] [28] formal testing of the sensitivity of this group of patients to ICI therapy is awaited. Therefore, in the bulk of glioblastoma patients with a tumor mutation burden below that typically associated with response to ICI therapy, a strong rationale exists for alternative immunotherapeutic approaches such as CAR-T cell therapy. 3 
CHALLENGES FOR SUCCESSFUL IMMUNOTHERAPY IN GLIOBLASTOMA
Glioblastoma creates a hostile tumor microenvironment and induces systemic immune suppression Glioblastoma is characterised by a local immunosuppressive environment in both the myeloid and T-cell compartments. There is a striking predominance of CD11b + myeloid cells, which outnumber all other immune cell types, including T cells. 29 The CD11b + myeloid cells include brainresident microglia, myeloid-derived suppressor cells (MDSC) and, to a lesser extent, infiltrating macrophages. 30 These myeloid populations have many immunosuppressive features, including production of IL-10 and TGF-b 30, 31 and high-level expression of the T-cell checkpoint molecule PDL1.
31
PDL1 is also broadly expressed in patient glioblastoma tissue. exhausted phenotype characterised by the expression of LAG3, TIGIT, CD39 and especially PD1. 34 Finally, T cells are frequently observed to cluster around blood vessels, 32, 35 suggesting either active exclusion or a lack of signals directing them into the tumor.
Glioblastoma can also induce a state of systemic immune suppression. For example, compared to healthy controls, glioblastoma patients have an increased frequency of circulating MDSC, 30 higher levels of serum IL-10 36 and elevated PDL1 expression on blood monocytes. 31 In addition, circulating T cells are impaired in both number and function. 37 The reduction in circulating T-cell frequency has recently been shown to result from sequestration of na€ ıve T cells in bone marrow, because of loss of the surface receptor for sphingosine-1-phosphate (S1P), which is required for bone marrow egress. 38 Interestingly, in a preclinical mouse model, restoring surface expression of S1P on T cells greatly improved ICI responses. 38 
Opportunities and limitations for priming of tumor-specific T cells in glioblastoma immunotherapy
The CNS has long been considered an immuneprivileged site and, until very recently, was thought to lack the lymphatic vessels that could transport antigen from the CNS into the periphery for T-cell priming in lymph nodes. In 2015, however, functional lymphatic vessels were reported to line the dural sinuses of mice, with potentially analogous structures also observed in human dura. 39 These vessels can transport immune cells from the cerebrospinal fluid (CSF) to the deep cervical lymph nodes, thus supporting an emerging concept that the brain is subject to active immune surveillance and is not immunologically separate from the periphery. Also of note, classical dendritic cells have been identified within glioblastoma tumor tissue 29 and could transport tumor antigen to draining lymph nodes for T-cell priming. Indeed, despite multiple local and systemic immunosuppressive mechanisms, growing evidence indicates that glioblastoma patients can prime tumor-specific T-cell responses. 40, 41 
CLINICAL TRIALS OF CAR-T CELL THERAPY FOR BRAIN CANCERS
Published clinical experience of CAR T-cell therapy for glioblastoma has been limited to the following antigenic targets: IL-13Ra2, erbB2/HER2 and epidermal growth factor receptor deletion mutant variant III (EGFRvIII). These early-phase trials provide clinical proof-of-concept for the safety and utility of CAR-T cell therapy for brain cancer. Details of the patients, CAR-T cell therapeutic products and results are summarised in Tables 1-3, respectively. 
IL-13Ra2-specific CAR-T cell therapy
In the first clinical study in humans, Brown et al. reported three recurrent glioblastoma patients treated with CAR-T cells specific for the tumorassociated antigen, IL-13Ra2. 42 The IL-13Ra2 antigen is overexpressed in > 60% of glioblastoma cases, is not expressed at significant levels in normal brain, is a poor prognostic factor and is expressed by both stem-like and differentiated glioblastoma cells as well as tumor-infiltrating myeloid cells. 42, 43 This was a first-generation CAR construct, which contained only the CD3f intracellular signalling domain, expressed after electroporation of plasmid DNA into anti-CD3-activated and IL-2-expanded peripheral blood T cells. Importantly, CAR-T cell products could not be manufactured for 10 of 13 enrolled patients within the required timeframe using this method. The CAR-T cells were delivered intracranially into the tumor resection cavity. Intra-patient dose escalation was performed and patients received up to 12 intracavitary infusions over five weeks with two of the three patients receiving the full treatment course.
This regimen was well tolerated and exhibited an acceptable safety profile with limited and transient adverse events. One patient was hospitalised with grade 3 headache, shuffling gait and tongue deviation, which resolved after a single 10 mg dose of intravenous dexamethasone.
All three patients had magnetic resonance imaging (MRI)-detected brain inflammatory changes at the intracerebral site of T-cell infusion. The degree of brain inflammation appeared to associate with the extent of pre-infusion IL13Ra2 antigen expression, with inflammation most pronounced in the two patients with the highest expression of IL13Ra2 as determined by immunohistochemistry (IHC) and quantitative polymerase chain reaction (qPCR) for mRNA.
In two of the three patients whose tumor response was assessed by post-treatment MRI scans at weeks 3 and 5 and > 60 days, tumor recurrence near the resection cavity was not evident. In the remaining patient who had recurrence, tumor biopsy revealed reduced IL13Ra2 expression (from pre-infusion levels) suggesting that antigen-positive tumor cells had been eliminated by the infused CAR-T cells. Moreover, these CAR-T cell products, which had expanded uniformly as CD8 + T cells with an activated effector phenotype, displayed limited persistence at the injection site as measured by IHC for T-cell markers and qPCR for the CAR transgene. 42 In a follow-up study, changes were made to overcome some of the identified deficiencies of the earlier CAR-T cell product. The CAR was reengineered in a lentiviral vector to encode an additional 4-1BB (CD137) co-stimulatory domain. The transduced T-cell population had been enriched for central memory cells using a two-step immuno-magnetic bead selection by first depleting CD14 + , CD25 + and CD45RA + cells and then retaining CD62L + cells. 43 To date, a singlepatient case report has been published using this new approach. 44 Lympho-depleting chemotherapy was not used in this or the previous study.
This patient had recurrent and rapidly progressing glioblastoma, which adopted a poorprognosis leptomeningeal, multifocal pattern of spread. 12 The tumor was MGMT promoterunmethylated. TMZ was given concurrently with post-surgery radiotherapy and as a 6-month maintenance course, which preceded the first CAR-T cell infusion by 16 weeks. In both primary and initial metastatic lesions, there was heterogeneous expression of the IL13Ra2 target antigen, which was lacking in 30% of tumor cells. In all, the patient received 16 loco-regional infusions of two batches of the CAR-T cell product, which contained predominantly CD4 + T cells. No grade 3 or higher adverse events were observed.
During intra-patient dose escalation, CAR-T cell infusions #1-6 were by the intracavitary route. Whereas the treated tumor remained stable for 6 weeks, suggesting local control of this tumor by CAR-T cells, two unresected tumors grew, and four new tumors appeared: two intracerebral, and two metastatic to spinal cord. To improve the prospect of controlling disseminated intra-CNS disease, further CAR-T cell infusions (#7-16) were by the intraventricular route. By cycle 10, all seven tumors decreased by 77-100% in size and continued to complete response (CR) by Response Assessment in Neuro-Oncology (RANO) criteria. 45 The CR held for 7.5 months after the first infusion, and the patient returned to a normal life. Interestingly, the patient received dexamethasone (2-4 mg) during the first three intraventricular CAR-T cell infusions, which were marked by major regression of all metastatic intra-CNS tumors.
Notwithstanding this remarkable clinical response, detectable expansion of CAR-T cells in the cerebrospinal fluid (CSF) was minimal. This may seem surprising because the peak postinfusion expansion of CD19-CAR-T cells is significantly associated with complete responses in B-cell acute lymphoblastic leukaemia (B-ALL) patients. 46 However, in this study, a higher ratio of peak CAR T-cell expansion to baseline tumor burden was a better predictor of long-term survival than the absolute magnitude of T-cell expansion. 46 This finding is in keeping with the recent demonstration in metastatic melanoma patients that the ratio of reinvigorated circulating T cells to tumor burden was associated with a response to the anti-PD1 monoclonal antibody, pembrolizumab. 47 Minor subpopulations of CAR-T cells and endogenous T cells, myeloid cells, B cells and granulocytes, as well as inflammatory cytokines, peaked 1-2 days after each intraventricular infusion and were detected up to 7 days post-infusion, although no CAR-T cells were detectable in peripheral blood. 44 Then, four new tumors recurred at non-adjacent sites in this patient, and tumor biopsy at one of these sites indicated decreased IL-13Ra2 expression, suggesting that tumor antigen escape was an important immune evasion mechanism. The transient CR in this patient together with induction by CAR-T cells of inflammatory cells in the CSF raise the possibility that, in the face of heterogeneous target antigen expression, the CAR-T cells may contribute to endogenous antitumor cellular immunity. 48 
EGFRvIII-specific CAR-T cell therapy
In the first clinical study in humans, of CAR-T cells specific for EGFRvIII, O'Rourke et al. 49 reported results for the first 10 recurrent glioblastoma patients treated. All patients had poor-prognosis multifocal or deep, unresectable disease, and all also had poor-prognosis MGMT promoter unmethylation. For these patients, target antigen expression for trial eligibility was determined in the primary rather than the recurrent tumor specimen and was tested with a validated, RNAbased next-generation sequencing assay, which was considered standard of care at the trial institution. In this assay, target antigen expression was related to wild-type EGFR (WT EGFR) and, given that WT EGFR may have been amplified, EGFRvIII expression varied between 6% and 96% with a median of 71%. To compare, over 2 years in the same institution, of 369 glioblastoma patients, 79 (21%) tested positive for EGFRvIII.
The CAR was a lentivirally encoded secondgeneration construct with 4-1BB and CD3f signalling domains. Patients received a single intravenous CAR-T cell dose without prior lymphodepletion.
No patients in this study had dose-limiting toxicity, CRS, on-target, off-tumor EGFR-directed toxicity, or the neurotoxicity signs and symptoms observed with CD19 CAR-T cell therapy. However, three patients experienced neurological adverse events. One patient with viable glioblastoma and hyponatraemia had seizures and altered mental state, which were treated by anti-epileptics, highdose corticosteroids and the anti-IL-6 mAb, siltuximab, on day 15 post-infusion. However, the patient's recovery could not be attributed to a single intervention. Given the uncertain aetiology of this patient's seizures, the authors hypothesised that 'localised T-cell activation with an intracranial compartmentalised cytokine release' could be responsible although no evidence was presented to support this contention. A second patient, who had neurological decline at day 15 post-infusion and was treated with high-dose corticosteroids and siltuximab on day 29 post-infusion, was described as having overall a clinical course consistent with progressive disease. A third patient experienced post-operative neurological decline, which was attributed to delayed haemorrhage.
All patients had peak peripheral blood levels of CAR-T cells detected at days 3-10 post-infusion, but CAR-T cells were not detected by day 30 except in one patient at 2 months post-infusion. Seven of 10 patients underwent surgical resection after the CAR-T cell infusion, and of these seven biopsies, five had detectable CAR-T cells, with the highest CAR-T cell levels observed in the four patients who had surgery early after infusion (within 14 days). In addition, expression levels of EGFRvIII in the re-resected tumor specimens were decreased in five of the seven patients, which the authors interpreted as 'on-target effects' of the infused CAR-T cells. In three patients who had repeat surgery, TCRb CDR3 deep sequencing of reresected tumor showed in all three patients a denser post-infusion lymphocytic infiltrate, the composition of which was largely different to that found in pre-infusion tumor specimens and in the infusion product itself. In these post-infusion tumor specimens, the cell-equivalent signal from a qPCR assay for the CAR-T transgene revealed an absent signal in one case and in the other two cases indicated that a distinct minority of tumor T cells were CAR-T cells. Further analysis comparing post-infusion tumor specimens with pre-infusion specimens revealed robust expression of inhibitory molecules (IDO1 and FoxP3, and in some cases, IL-10, PD-L1 and/or TGFb) and also indicated that most of the post-infusion tumor T-cell infiltrate comprised endogenous regulatory T cells.
Together, these results indicate that intravenously administered CAR-T cells trafficked to the brain tumors and displayed evidence of in situ activation and proliferation mainly of CD8 + CAR-T cells, but also elicited compensatory regulatory mechanisms that reinforced the inhibitory nature of the tumor microenvironment. However, these results also provide a rationale for combining CAR-T cell therapy with immune checkpoint blockade and/or other immunemodulatory therapies.
Tumor response was assessed by MRI at day 28 when all but one patient had stable disease. After 18 months and of the three remaining patients, one patient had stable residual disease and another two patients were alive but with progressive disease. 
HER2-specific CAR-T cell therapy using virusspecific T cells
In a phase 1 dose-escalation study, Ahmed et al.
investigated
HER2-specific second-generation (CD28-CD3f) CAR-T cell therapy in 17 patients (10 adult and seven children) who had progressive or recurrent HER2 + glioblastoma. HER2 is a wellcharacterised oncogenic target in breast and other cancers. Baseline peripheral lymphocyte counts were in the normal range for all patients.
Of 41 patients screened for the study, 23 had CAR-T cell products made (12 had HER2-negative tumors and six declined) and 17 had infusions (six had clinical deterioration). Of 17 patients' tumors assessed by IHC, 10 had weak HER2 staining and seven had moderate HER2 staining. Virus-specific T (VST)-cell clones with TCR specificity for EpsteinBarr virus (EBV), cytomegalovirus (CMV) or adenovirus (AdV) were transduced with a retroviral vector to generate the final HER2-CAR-T cell product. The authors hypothesised that the VST cells would receive appropriate co-stimulation after interaction of their native TCRs with latent virus presented by professional antigen-presenting cells. Sixteen patients were CMV-seropositive and of evaluable tumors assessed by IHC, five of 15 and seven of 16 stained for CMV pp65 and CMV IE1 products, respectively. Dose escalation of the intravenously administered CAR-T cells proceeded in five dose cohorts, and six patients received two or more infusions. No dose-limiting toxicity was observed although two patients had grade 2 seizures and/or headaches, which the investigators concluded were probably related to the CAR-T cell infusion.
HER2-CAR-T cells were detected by qPCR in peripheral blood of all patients, with peak levels post-infusion detected at three hours in 15 patients and at 1 and 2 weeks in the other two patients. Seven of 15 tested patients had CAR-T cells detected at 6 weeks, and two of six tested patients had CAR-T cells detected at 12 months but none later than 12 months. The authors concluded that the CAR-T cells did not significantly expand post-infusion but persisted at low levels for up to 12 months. CAR-T cell trafficking and tumor infiltration were not determined.
Tumor response was assessed by MRI and Response Evaluation Criteria in Solid Tumours (RECIST) at 6 weeks post-infusion. With a median follow-up period of 8 months and of 16 evaluable patients, one had a partial response (PR), and seven had a stable disease for 8 weeks to 29 months after the first CAR-T cell infusion. For the entire study cohort, the median time to progression was 3.5 months; median OS was 11.1 months (95% CI, 4.1-27.2 months) after the first CAR-T cell infusion and 24.5 months (95% CI, 17.2-34.6 months) after diagnosis, and three patients remained alive. In a univariate analysis, the only significant factor identified was the absence of pre-infusion salvage therapy in seven patients who had median OS of 27.2 months compared to 6.7 months for patients who had prior salvage therapy. Of these seven patients, one had a PR lasting approximately 8 months, and three were alive 23.7-28.6 months post-infusion. 50 Given that the HER2-CAR in this study was hosted in CMV-specific T cells among T cells of other viral specificity, it is interesting also to mention a phase 1 study of autologous CMVspecific T-cell therapy as a consolidation therapy for recurrent glioblastoma. Genetic evidence indicates that CMV sequences are present in the majority of diffuse glioma samples, albeit in only a small minority of cells in any individual sample, 51, 52 supporting the therapeutic targeting of CMV in glioblastoma. 53 In this phase 1 study, 11 patients received 1-4 intravenous infusions of 2.5-4.0 9 10 7 CMV-specific T cells. The median OS of the 11 patients who received at least one infusion was 13.4 months, and one patient demonstrated stable disease, remaining progressionfree by 4 years after the T-cell infusion. CMVspecific T cells were detected in resected tumor tissue from one patient. 53 These data indicate that CMV-specific T-cell therapy may have clinical antiglioblastoma activity independently of the presence of tumor antigen-specific CAR.
PARTICULAR RISKS OF CAR-T CELL THERAPY FOR BRAIN CANCERS
The brain is held inside the cranium, which is a fixed box with one major outlet, the foramen magnum. Hence, swelling of the brain parenchyma can be accommodated only to a small extent before pressure on vital structures results in neurological symptoms and signs. Indeed, such symptoms and signs often comprise the clinical presentation of glioblastoma. Moreover, rising tumor-and edema-related pressures in the supra-tentorial compartment, which houses the cerebrum, is a common preterminal event in glioblastoma patients.
On-target, off-tumor and off-target (crossreactive) toxicities Similar concerns relate to autoimmune on-target, off-tumor and off-target (cross-reactive), toxicities, which affect non-tumor tissues bearing the same antigen, or a cross-reacting antigen, respectively. Although neuro-inflammation may be associated with these toxicities, indirect and clinically relevant intracranial mass effects may also occur. Evident examples of severe but reversible ontarget, off-tumor neurotoxicity include therapy with autologous T cells expressing high-avidity Tcell receptors (TCRs) specific for the melanoma differentiation antigens, MART-1 and gp100. These transgenic T cells produced uveitis with visual impairment and decreased hearing presumably because of autoimmune reactivity against the same antigens in the pigmented cells of the uveal tract and inner ear. The severity of the neurotoxicity may have been related both to the high-avidity and number of the adoptively transferred transgenic T cells because immunisation against the same antigens had not produced the same adverse clinical effects. 54, 55 A clear example of lethal off-target neurotoxicity resulted from TCR-directed adoptive cell therapy in which a MAGE A3-directed TCR cross-reacted with MAGE A12 expressed in brain neurons. 56 In selecting an antigen target and its binder for glioblastoma CAR-T cell therapy, the abovementioned clinical examples of on-target, off-tumor as well as off-target or cross-reactive toxicities illustrate the importance of prior clinical experience with a non-CAR binder and its antigenic target. For example, we are pursuing clinical application of CAR-T cell therapy in glioblastoma patients with GD2 as the target antigen. In our approach, the scFv of the murine GD2-specific 14g2a monoclonal antibody serves as the CAR-binding moiety. GD2 is a disialoganglioside expressed by tumors of neuroectodermal origin including melanoma, with neuroblastoma showing among the highest levels of expression. 57 High-level GD2 expression is also found in most adult glioblastomas but only at very low level in parts of normal brain. [58] [59] [60] Dinutuximab, which is a 14g2a-derived chimeric mAb, is approved in the United States and Europe as a standard consolidation therapy for neuroblastoma. 61 Its dominant toxicity is peripheral nerve pain, which is believed to be related to the antibody's Fc domain, which is not part of a CAR construct. In fact, of the more than 20 melanoma and neuroblastoma patients who have received GD2-CAR-T cells using the 14g2a scFv, no significant CAR-T cell-related clinical toxicity has been observed and, in particular, no central or peripheral neurotoxicity, thus supporting the safety of this particular CAR-T therapy 62-65 (Gargett T et al., unpublished data). In addition, intra-CNS administration of radioconjugates of the anti-GD2 antibody, 3F8, was associated with manageable acute toxicities. 57 The recent discovery of consistent high-level GD2 expression in the rare but lethal childhood primary brainstem tumor, diffuse intrinsic pontine glioma (DIPG), has sparked additional interest in clinical CAR-T cell therapy trials for glioblastoma. 66 Specifically, in the molecularly distinct H3-K27M + subgroup, which harbours histone H3 gene mutations and comprises 73% of DIPG cases, 67 gene expression is generally dysregulated, including expression of GD2, and virtually all tumors express uniformly high levels of GD2 in contrast to other childhood brain tumors. 
On-target, on-tumor toxicity including Cytokine Release Syndrome (CRS) and neurotoxicity
Given the frequent enough observations of 'pseudo-progression', which manifests as tumor swelling and inflammation before later resolution, after ICI therapy and adoptive T-cell therapy for cancer, heightened clinical concern remains for pseudo-progression after CAR-T cell therapy for glioblastoma. This concern also relates to potential on-target, on-tumor toxicities of CAR-T cell therapy and may be exacerbated by properties intrinsic to the CAR-T cell product such as CAR construct, manufacturing method, cell dose or by extrinsic factors such as prior lymphodepleting chemotherapy or route of administration.
In orthotopic murine xenograft models of DIPG and midline glioma, GD2-CAR-T cells eradicated engrafted tumors but lethal on-target, on-tumor neurotoxicity was observed depending on tumor location. When the tumor was located in the pons, several mice were euthanased because of lethal toxicity in one of three independent cohorts. In mice surviving the treatment, tumor clearance was observed and the surrounding tissues appeared grossly normal. In the euthanased mice, a widespread inflammatory infiltrate was observed, mainly involving the brainstem, and was associated with ventriculomegaly because of fourth ventricle compression. Given that minimal normal neuronal cell death was observed, the authors suggested that tumoricidal effects of GD2-CAR-T cells initiated neuro-inflammation and edema resulting in hydrocephalus and death of mice. When diffuse midline glioma was orthotopically implanted in the thalamus of the immunocompromised mice, the GD2-CAR-T cell therapy was associated with tumor swelling or pseudo-progression in this critical location resulting in third ventricle compression and lethal trans-tentorial herniation. 66 In CD19-CAR-T cell therapy, cytokine release syndrome (CRS), and its frequent accompaniment of neurotoxicity, is a dramatic manifestation of on-target, on-tumor toxicity. Life-threatening or fatal CRS presents with fever, hypotension, coagulopathy and capillary leak, and occurs in up to 8% of cases. 68 The severity of neurotoxicity, which is of unknown aetiology, is associated with the severity of the CRS, and neurotoxicity typically follows onset of CRS by several days. Higher bone marrow CD19 + tumor cell burden, higher CAR Tcell dose, manufacture of CD19-CAR-T cells using bulk CD8 + T cells without CD62L selection, and lympho-depleting fludarabine and cyclophosphamide chemotherapy were independently associated with the development of CRS. 68 CRS-related neurotoxicity has also been termed CAR-T-cell-related encephalopathy syndrome (CRES) 69 or immune effector cell-associated neurotoxicity syndrome (ICANS), 70 and its grading and associated clinical management algorithms have recently been formalised by consensus. 70 Nevertheless, CRS-related neurotoxicity is related both to tumor burden and the rapidity and magnitude of CD19-CAR-T cell expansion and it, like CRS, is aggravated by pre-existing or concurrent endothelial dysfunction. 68, [71] [72] [73] Further evidence that T-cell activation plays an important part in the pathogenesis of neurotoxicity is the observation of serious neurotoxicity after treatment with blinatumomab, which is a bispecific anti-CD3/CD19 T-cell engager. 74 In contrast, in the currently reviewed clinical studies of glioblastoma CAR-T cell therapy, there were mild-to-moderate clinical or radiological manifestations of what the laboratory studies of tumor biopsies indicated could be on-target, ontumor brain inflammation associated with the CAR-T cell therapy. However, in none of these studies was there any evidence of CRS, CRES (or ICANS). Potential reasons for the absence of CRS and the strongly related phenomenon of neurotoxicity in these patients include lower tumor burden and the lack of prior lymphodepletion even though the CAR-T cell doses received were in a similar range to the doses administered to the patients with B-cell malignancies. In future, however, it is possible that prior lympho-depletion or alterations in ex vivo culture conditions or selection methods for the CAR-T cells could alter this risk profile and thus affect the propensity of CAR-T cells used in glioblastoma therapy to cause CRS and neurotoxicity.
CAR-T cell design
Design elements of the CAR could also affect the safety and toxicity profile of CAR-T cell therapy for glioblastoma. From clinical studies of CD19-CAR-T cell therapy, the choice of co-stimulatory domain may significantly affect the function and toxicity of CAR-T cells. Severe and fatal neurotoxicity has been reported after treatment with CD19-CAR-T cells incorporating either 4-1BB or CD28 co-stimulatory domains. 72, 73 CD19-CAR-T cells with the CD28 co-stimulatory domain reportedly induce earlier onset CRS relative to their 4-1BB-containing counterparts 69 and have been associated with fatal cerebral edema perhaps because of earlier and higher peak expansion of CAR-T cells, which were derived from cell products containing a greater preponderance of CD8 + T cells and obtained from younger patients with more vigorous cellular immunity. 71 Nevertheless, whether choice of costimulatory domain affects neurotoxicity risk has not been formally studied. 72 Other relatively minor modifications to the CAR such as altering the length of the linker between the light and heavy chains of the CAR's scFv moiety can also have a profound impact on the in vivo function of CAR-T cells. 75 The affinity of a CAR is an important contributor to the in vivo activity of CAR-T cells as illustrated in pre-clinical models of GD2-specific CAR-T cells. Of particular interest is the CAR employing the GD2-specific 14g2a scFv because both the GD2 molecule and its 14g2a epitope are identical in mice and humans, which suggests that results of murine GD2-CAR-T cell experiments might be extrapolated to humans. In spite of GD2 expression in normal mouse brain, secondgeneration GD2-CAR-T cells were not found in murine brain after adoptive transfer and there was no evidence of brain pathology. 66, 76 However, when a high-affinity variant of the 14g2a scFv was created, intracerebral infiltrates of these GD2-CAR-T cells were detected and associated with fatal neurotoxicity in the mice. Similar findings were made when the GD2-CAR-T cells contained a scFv from the GD2-specific mAb, 3F8.
76 3F8 has the highest reported affinity for GD2 (K D = 5 nM), whereas 14g2a has significantly lower affinity (K D = 77 nM). 77 Moreover, although GD2 expression is detected in normal human brain, neurotoxicity has not been observed in multiple CAR-T cell clinical trials in advanced neuroblastoma and melanoma patients using GD2-CARs with the 14g2a scFv. [62] [63] [64] [65] Formal testing of erbB2-and EGFR-specific CAR-T cells in preclinical models showed that tuning of CAR affinity may yield improved therapeutic ratios of CAR-T cell therapy. For example, lowering CAR affinity reduced toxicity in normal tissues expressing low levels of target antigen while maintaining therapeutic effectiveness against tumors expressing higher levels of target antigen. 78 Together, this evidence suggests that careful CAR design can militate against the dangers of CAR-T cell toxicity in healthy tissues.
PERSPECTIVES FOR FUTURE DEVELOPMENT OF CAR-T CELL THERAPY OF GLIOBLASTOMA
The field of clinical exploration of CAR-T cell therapy for glioblastoma is just opening up. Unlike any other tumor type, except perhaps pancreatic cancer, the challenges facing successful clinical implementation of glioblastoma CAR-T cell therapy appear daunting and on occasions insurmountable. For the most part, the challenges are quite different from those facing the field of leukaemia and lymphoma CAR-T cell therapy. First, CD19 is an example of an ideal CAR-T cell target because it is expressed at uniformly high level on tumor cells and otherwise only on 'dispensable' normal B cells. 79 In contrast, ideal tumor antigens have not been discovered in glioblastoma because antigen expression on normal CNS and other tissues creates toxicity concerns, and expression of identified tumor antigens is heterogeneous. Hence, even though CR rates from CD19-CAR-T cell therapy in B-ALL patients are high, and up to 25% of patients later relapse with CD19-negative disease, additional near-ideal tumor antigens such as CD22 or CD20 are available for B-ALL CAR-T cell therapy and are being tested clinically in combination with CD19-targeting. 80 Second, the relatively common and severe toxicities of CRS and neurotoxicity of CD19-CAR-T cell therapy, which have not been apparent with glioblastoma CAR-T cell therapy, create a narrow therapeutic window for CD19-CAR-T cell therapy, making identification of predisposing pre-infusion factors a priority. 68 Finally, CD19-CAR-T cells operate in a tumor microenvironment in which there is often an abundant supply of costimulatory molecules such as CD80 and CD86, which are expressed by B-cell malignancies and which may promote CD19-CAR-T cell function and survival.
Conversely, in the glioblastoma microenvironment, expression of co-stimulatory molecules is distinctly lacking.
Although nothing conclusive can be drawn, because the reviewed glioblastoma CAR-T cell therapy studies were early-stage and small, a number of intriguing observations emerge and there may be some lessons to be learnt.
Considerations for clinical trial design, endpoints and monitoring
It is important to remember that a cell therapeutic product is a package rather than a drug, and that details such as CAR construct design, type of vector, cell manufacturing conditions, cell dose and schedule, route of administration and preparative regimen matter. In addition, details of the patient population (e.g. primary versus recurrent glioblastoma), disease burden (e.g. post-resection), treatment history and glucocorticoid use also matter. In addition, molecular characteristics of glioblastoma such as MGMT promoter methylation and IDH1 mutation status may not just be of prognostic importance but may be also influence CAR-T cell therapy once more is understood about the immunobiology of these genomic alterations. Larger cohorts of patients in early-phase trials may help address the role of these factors.
Clinical trial design matters. In choosing and evaluating efficacy endpoints in early-phase studies, an improvement in OS is desirable, but delaying tumor progression is also clinically meaningful in a disease such as glioblastoma where PFS at 6 months (PFS6) is becoming a benchmark for post-recurrence treatment effects. Similarly, assessments of cancer-related symptoms and quality of life remain important. It is widely recognised that as an imaging modality, MRI can be difficult to interpret, thus limiting the utility of conventional response criteria such as RECIST in glioblastoma both for measuring objective tumor responses and evaluating progression events. Accordingly, Response Assessment in NeuroOncology (RANO) criteria include both radiological and clinical criteria such as glucocorticoid use and are becoming the 'industry standard'. 45 Moreover, accounting for phenomena such as pseudo-progression has now formally been incorporated in the new immune or iRANO criteria. 81 Finally, to enable definitive and sophisticated measurements of immune and tumor responses and biomarkers from surgical specimens after the treatment intervention, and to enable timed correlations with peripheral blood biomarkers, strong consideration should be given to 'window of opportunity' trial designs in primary and recurrent glioblastoma.
Risk mitigation strategies
In none of these early clinical studies of glioblastoma CAR-T cell therapy were any systemic toxic effects such as severe CRS and neurotoxicity observed. However, of particular concern in glioblastoma CAR-T cell therapy are treatmentrelated effects that would create brain swelling, arising from either on-target, on-tumor pseudoprogression or on-target, off-tumor and crossreactive toxicities in normal brain. For highly vulnerable patient populations such as children, who have tumors such as DIPG or glioblastoma in critical locations, risk mitigation strategies could include conventional surgical approaches such as extra-ventricular drain (EVD) insertion as a prophylactic measure. Although other measures such as high-dose glucocorticoid therapy and anti-IL-6 antibodies may be used to manage symptoms and downstream toxicities (see next section), genetic engineering of the CAR-T cell itself may be needed to improve its safety.
One method is to incorporate upstream of the transgene in the CAR construct a suicide gene that encodes a homo-dimerisable safety switch called inducible caspase-9 (CaspCIDe). 82 This safety switch is triggered following administration of the bio-inert, small-molecule drug, rimiducid. Rimiducid binds modified FK506 binding domains of CaspaCIDe, thus enforcing chemical-induced dimerisation (CID) of the caspase-9 molecules genetically fused to the FK506 binding domains and inducing apoptosis of the gene-modified cells. 83 Importantly, rimiducid penetrates the human CNS in concentrations high enough to eliminate CAR-T cells expressing CaspaCIDe. 84 
Management of neurotoxicity
Evidence of neurotoxicity was reported in three of the clinical trials, but rarely at a level of higher than grade 1-2. Grade 3 neurological events were observed as follows: Brown et al. 42 reported one seizure and one other neurological event (treated with a single glucocorticoid infusion) in their first study. O'Rourke et al. 49 reported one seizure and two cases of neurological decline and two of these were classed as possibly CAR-T cell infusionrelated and treated with glucocorticoids and the IL-6 neutralising antibody, siltuximab. Ahmed et al. 50 reported three grade 2 events, two seizures and one headache, which were attributed to the HER2-CAR-T cell therapy.
None of the glioblastoma patients in the reported trials received lympho-depletion before CAR-T therapy. CRS was not observed, and transient peaks in inflammatory cytokines were observed in the CSF of the patient receiving intracranial IL13Ra2-CAR-T therapy and in the serum of patients receiving intravenous EGFRvIII-CAR-T cell therapy. When two EGFRvIII-CAR-T cell patients developed post-infusion neurological symptoms, which were hypothesised to be neurotoxicity from intracranial cytokine release, the trial investigators elected to treat these patients with siltuximab. Although the IL-6 receptor blocking antibody, tocilizumab, is established as a treatment for CD19-CAR-T cellrelated CRS, siltuximab was used instead for two reasons. First, how well tocilizumab penetrated the CNS was not known, and tocilizumabmediated blockade of the IL-6 receptor antibody temporarily increases IL-6 circulating levels, potentially exposing the brain to transiently higher levels of IL-6. 49 Notwithstanding these results, the predisposition of glioblastoma patients to neurological impairment and seizures poses particular challenges in both the diagnosis of CAR T-cell-related neurotoxicity and the assessment of treatment response. 69, 85 Clinically and radiologically, it can be difficult to distinguish the neurological signs and symptoms of true tumor progression from potential on-tumor, on-target (tumor 'pseudo-progression') and off-tumor, on-target neurotoxicities of glioblastoma CAR-T cell therapy, or indeed from other pathologies such as infection or radionecrosis. Depending on their acuity and severity, and aided by the results of neuro-diagnostic investigations such as computed tomography (CT), positronemission tomography (PET/CT), and MRI perfusion studies, any neurological manifestations will first be managed clinically with the aim of relieving symptoms and preventing critical CNS compromise. Conventional medical approaches include adequate analgesia, increasing corticosteroid doses, modifying anti-convulsant regimens and, in the case of acutely severe space occupying lesions, reducing edema by hyperventilation, intravenous mannitol or bevacizumab.
In the prophylactic setting, neurosurgical measures such as an external ventricular drain or a ventriculo-peritoneal shunt may be considered to control untoward effects of swelling. In the acute setting, lesion excision or decompressive craniectomy may also be used to manage swelling.
However, in the event of other clinical or laboratory evidence pointing to systemic cytokine release, for example, early high fever and hypotension, 68 more specific therapies may be required such as the cytokine blockers, siltuximab and anakinra, or drugs such as rimiducid 84 or cetuximab 86 to mediate targeted deletion of CAR-T cells. In particular, although tocilizumab effectively treats CRS, it does not seem to alter the course or severity of subsequent neurotoxicity. 72, 73 Hence, the clinical investigation of other approaches such as therapeutic blockade of IL1 receptor by anakinra would be worthwhile as shown in a murine xenotransplantation model of CAR-T cell therapy for leukaemia in which anakinra rather tocilizumab prevented lethal neurotoxicity after the first CRS-related fever.
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Customising CAR-T cell therapy for success in glioblastoma
The expectation of effective CD19-CAR-T cell therapy rests on a product that contains numerous and potent CAR-T cells, which persist and have a memory phenotype. Furthermore, in the case of solid tumors, it is expected that CAR-T cells will traffic to and infiltrate the tumor site.
Tumor antigen heterogeneity and antigen escape
Both heterogeneity of target antigen expression and the evolution of antigen-loss variants under selection pressure from CAR-T cells represent a major limitation of CAR-T cell therapy because CAR-T cell targeting has typically been restricted to one or two tumor antigens. For example, documented loss of tumor expression of the IL13Ra2-CAR-T-cell-targeting antigen may have contributed to the fatal relapse of the initially responding patient discussed herein. 44 In another example, although EGFRvIII is a neoantigen expressed exclusively by glioblastoma cells, its expression is heterogeneous and only in 18-21% of glioblastoma patients. 88 Interestingly, EGFRvIII expression was lost in the patients who had repeat surgery on the control arm of the ACTIV glioblastoma vaccine trial, indicating that antigen expression is inherently unstable. 89 Moreover, uncertainty about whether EGFRvIII is a significant negative prognostic factor, or plays a significant role in glioblastoma stem cells, 49, 88 raises questions about whether EGFRvIII is a key driver mutation responsible for initiating and/or maintaining the tumorigenic phenotype. Nonetheless, the finding of intra-tumoral lymphocytic infiltrates comprising mainly endogenous (non-CAR) regulatory T cells after EGFRvIII-CAR-T cell targeting 49 offers the possibility, as shown in an immunocompetent murine model, that protective endogenous immunity could be recruited against antigennegative tumor variants following CAR-T cell therapy, 90 and particularly if changes in CAR design could limit the effect the immunosuppressive effects of regulatory T cells. 91 
Possibility of CAR-T cell induction of endogenous antitumor immune responses
Although there is growing interest in combinatorial approaches targeting multiple antigens to overcome these limitations, 79 another intriguing outcome of CAR-T cell therapy may be the induction of a vaccine-like effect. This may result from some level of CAR-T cell-induced tumor cell death, which could generate endogenous immune responses via 'antigen spreading' and then lead to complete tumor eradication as demonstrated in pre-clinical models of other cancer types. 92 Evidence for endogenous immune priming in glioblastoma exists with the generation of de novo T-cell responses, 40, 41 which can be rescued from adaptive immune resistance by anti-PD1 therapy. [25] [26] [27] [28] Another recent example is a clinical trial of patient-specific glioblastoma vaccines comprising multiple 'non-self' neoepitopes in which vaccine-specific T-cell responses were only found in the two patients who had not received dexamethasone during priming. Vaccineinduced T cells were found in peripheral blood and infiltrating tumor at relapse in these two patients. These T cells had an exhausted phenotype, suggesting that these circulating T cells may be reactivated by therapeutic immune checkpoint blockade. 36 Despite strong evidence that local and systemic immune suppression in glioblastoma exists, the reviewed studies demonstrate that functional CAR-T cells can be generated ex vivo. Moreover, in these studies, it is not apparent that medically induced immunosuppression using dexamethasone or TMZ 93 had significant deleterious effects on CAR-T cell function in vivo.
Interestingly, at least a daily dose of 4 mg dexamethasone did not prevent a CAR-T cellmediated complete response 42 although it did prevent priming in response to a neo-epitope vaccine. 36 Follow-up animal studies show that IL13Ra2-CAR-T cell therapy could be combined with dexamethasone without losing efficacy. 43 These results indicate that CAR-T cell effector activity is surprisingly robust, and may even argue against priming or re-priming effects, which can be perturbed by concomitant glucocorticoid therapy. 94 
CAR-T cell memory phenotype
Although only a single case report, the CR after IL-13Ra2-CAR-T cell therapy suggests that CAR-T cell effector function may be better maintained if the cell product contains a high proportion of CAR-T cells with a memory phenotype. This result is consistent with the 93% CR rate observed after CD19-CAR-T cell therapy for B-cell malignancies in which cell products were made using the same method of enriching memory T cells. 68 Similarly, in this single complete responder, and unlike in these other studies of CAR-T cell therapy in glioblastoma, the cell product contained a preponderance of CD4 + CAR-T cells. Could the activity of cytotoxic CD4 + T cells 95, 96 alter the immune context of tumor cell death in a way that might favor vaccine-like effects, as observed after adoptive transfer of CD4 + NY-ESO-specific T cells to a metastatic melanoma patient, who subsequently responded after the development additional melanoma specificities? 48 Do CD4 + CAR-T cells facilitate CAR-T cell re-priming in regional lymph nodes and thus contribute to CAR-T cell survival? These questions await further study.
Need for effective combinatorial therapy
Effective glioblastoma CAR-T cell therapy for long-term disease control may depend on combination with antibodies or drugs that block inhibitory factors such as IL-10, TGFb or PD1/PDL1, and those molecules particularly associated with hypoxic and necrotic tumors, for example CD39 and CD73. Drugs for these and many other immunosuppressive factors are already in clinical development. For example, in the case of a diffuse large B-cell lymphoma patient refractory to CD19 CAR-T cell therapy, PD1 blockade with pembrolizumab was reportedly associated with CAR-T cell expansion and tumor response. 97 A phase 1 study of EGFRvIII-directed CAR-T cells combined with pembrolizumab is currently recruiting patients with newly diagnosed, MGMTunmethylated glioblastoma (ClinicalTrials.gov Identifier: NCT03726515). Furthermore, clinical experiments are underway in which gene-editing techniques have been applied to create checkpoint-resistant CAR-T cells (NCT03545815).
CAR-T cell dose and role of lympho-depleting chemotherapy
In each of these four early-phase glioblastoma CAR-T cell studies, intra-or inter-patient dose escalation was employed. Top individual CAR-T cell doses ranged from 1 9 10 7 to 5 9 10 8 ( Table 2 ). These cell doses are in a similar range to the adult doses of the US FDA-approved CD19-CAR-T cell therapies, YESCARTA TM (axicabtagene ciloleucel) and KYMRIAH TM (tisagenlecleucel): 2-6 9 10 8 CAR-T cells. In each of these glioblastoma studies, although minimal CAR-T cell expansion was observed, signals of antitumor activity were seen. 42 Therefore, would prior lympho-depletion, which promotes CAR-T cell expansion, be needed to improve glioblastoma CAR-T cell performance? Lymphodepleting chemotherapy is considered essential to the efficacy of CD19-CAR-T cell therapy 98, 99 but, particularly with the addition of fludarabine to cyclophosphamide in the preparative regimen, it is associated with heightened risk for severe CRS and neurotoxicity. 68 In the two cited studies, 50, 53 VSTcell expansion was lacking. But vigorous VST-cell expansion was observed in recipients of haematopoietic stem cell transplantation who were severely lympho-depleted and who experienced reactivation of the corresponding virus. 100, 101 Therefore, if glioblastoma CAR-T cell therapy is otherwise wanting, prior lymphodepletion or viral vaccination or both may be strategies to stimulate the expansion of adoptively transferred T cells.
Route of administration
Intracranial (intracavitary and intraventricular) and intravenous routes of administration were both used in these studies. The rationale for intravenous administration of glioblastomatargeted CAR-T cells is based on observations of adoptive T-cell therapy in which the transferred T cells were found in CSF or the brain. 98, 102, 103 In an animal model system, intraventricular rather than intravenous administration of the IL-13Ra2-CAR-T cells resulted in superior antitumor activity. 43 What is the optimal route of administration for glioblastoma patients? Although the IL-13Ra2-CAR-T cell products differed between the two studies, 42, 44 it is to be noted that only when IL13Ra2-CAR-T cells were delivered via the intraventricular rather than intracavitary route was a complete tumor response seen. 42 Locoregional administration of the CAR-T cell product may also be preferred in order to limit potential systemic toxicities. 44, 84 What might come next: recent pre-clinical studies Recent pre-clinical studies provide some insight into new strategies that may soon start to be tested in the clinic. One major area of study is the identification and validation of new target antigens, including chondroitin sulphate proteoglycan 4 (CSPG4), 104 podoplanin 105 and CD70. 106 All of these antigens are overexpressed in glioblastoma patient specimens, and CAR-T cells targeting them reduce glioblastoma growth in mouse models. [104] [105] [106] Combinatorial approaches are also being explored through the development of CAR-T cells which recognise more than one target antigen. Thus, Ahmed et al. have developed tandem CAR-T cells ('TanCAR') that recognise both HER2 and IL13Ra2 via a single CAR molecule incorporating recognition domains for both antigens, as well as 'U-CAR' T cells that recognise HER2, IL-13Ra2 and EphA2 via expression of a tri-cistronic CAR transgene. 107, 108 These approaches have the distinct advantage of broadening the specificity of the CAR-T cell product, to address antigenic heterogeneity of tumors and reduce the chance of adaptive resistance to therapy mediated by antigen loss.
Improvements to CAR-T cell manufacturing and integration with standard therapy are also being actively explored. Surprisingly, delivery of a purified CD4 + population of IL-13Ra2-CAR-T cells resulted in enhanced antitumor activity and persistence compared to either purified CD8 + or mixed CD4 + /CD8 + populations. 109 Improvements in activity and persistence of IL13Ra2-CAR-T cells have also been observed when the T cells were engineered to express transgenic IL-15 although antigen escape was more common. 110 And finally, NKG2D-based CAR-T cells displayed synergistically enhanced antitumor activity when the mice were also treated with radiation, an effect attributed not only to radiation-induced upregulation of NKG2D ligands, but also enhanced CAR-T cell trafficking into the tumor. 111 The exception proves the rule I never make exceptions. An exception disproves the rule.
Sherlock Holmes in The Sign of the Four.
The view of the CNS as a primary organ site of immune privilege is breaking down in the face of known extra-CNS immunological reactions associated with such CNS infections as toxoplasmosis, and after the recent discovery of brain lymphatics. 1, 39 Furthermore, although glioblastoma creates profound local immunosuppression, evidence is mounting that tumor antigen-specific T cells can both be primed and operate well in the hostile tumor microenvironment. Such evidence includes rare observations of CAR-T cell-mediated antitumor activity, 44 productive glioblastoma vaccine-induced Tcell responses, 95 and marked antitumor activity of immune checkpoint inhibitors. [25] [26] [27] [28] Glioblastoma, like other brain tumors, exerts systemic immunosuppression but does not metastasise beyond the CNS. These observations should encourage more intensive investigations of how CNS-localised immune responses can be generated via intravenous or intracranial routes of administration.
Is it true that adoptive immunotherapy with redirected T cells obviates 'the need for antigen presentation and stimulation of a primary immune response'? 49 Future studies of lymphocyte trafficking 103 within the CNS and to extra-CNS secondary lymphoid tissues may help our understanding of the priming and re-priming events that govern the reactivity of therapeutic T cells. Moreover, although CAR re-directed T cells may avoid the immediate need for antigen presentation on MHC, in the face of a highly heterogeneous tumor such as glioblastoma, the priming of endogenous T cells directed against tumor antigens may prove to be an important contributor to long-term progression-free survival.
It is possible that glioblastoma CAR-T cell therapy will enable us to establish a beachhead on the shores of our ignorance about the immunobiology of the brain. Clinical CAR-T cell trials that incorporate correlative science studies may extend our scientific understanding and lead us to further ground-breaking clinical applications of glioblastoma CAR-T cell therapy.
